The role of urease in Helicobacter pylori adherence to and internalization by Kato III cells was investigated. Kato III cells were incubated with wild-type strains (N6 or P1), with isogenic mutants lacking urease (N6ureB::TnKm or P1ureA::TnMax5) or producing the inactive apoprotein (N6ureG::TnKm), and with urease-positive clones recovered after complementation of N6ureB::TnKm with ureAB. Bacteria were stained with the green fluorescent dye PKH2, and the bacteria load of cells was analyzed by flow cytometry. With mutants lacking urease, the bacteria load was considerably increased, in comparison with the corresponding parental strains ( ). With clone K2(3), producing larger amounts of urease than N6, a significant P ! .001 reduction of bacteria load was observed, in comparison with the wild type ( ). N6ureG P ! .001 ::TnKm showed adherence characteristics similar to those of N6. The role of urease in internalization was not clear. Thus, urease significantly inhibits H. pylori adherence to Kato III cells by a mechanism largely independent of enzymatic activity.
Interestingly, both effects were shown to be largely independent of enzymatic activity. Thus, urease may play a role in modulating the interaction between H. pylori and cells of the host.
Considering that H. pylori can be internalized by gastric epithelial cells [12] [13] [14] , which can further present antigen by a mechanism probably similar to that reported for resident macrophages and mononuclear leukocytes [15] [16] [17] , the present study, using isogenic strains, was aimed to investigate whether H. pylori adherence to the gastric epithelial cell line Kato III is influenced by urease. In addition, the role of the enzyme in H. pylori internalization by these cells was evaluated.
Materials and Methods
H. pylori strains. Parental strain N6, urease-lacking isogenic mutant N6ureB::TnKm, and isogenic mutant N6ureG::TnKm, which lacks the urease accessory protein UreG, were kindly provided by A. Labigne (Institut Pasteur, Paris) [18] . Clones K2(3), with a urease activity almost 2-fold that of N6, and K8 (11) , exhibiting urease activity similar to that of N6, were recovered by genetic complementation of mutant N6ureB::TnKm with the urease structural genes ureAB [19] . Parental strain P1 and urease-lacking isogenic mutant P1ureA::TnMax5 were kindly provided by R. Haas (Max von Pettenkofer-Institute, Munich). Culture Collection, University of Gö teborg (CCUG), type strains CCUG 38770, 38771 and 38772 also were used. To culture H. pylori in a liquid medium, Brucella broth (Difco) containing 7% fetal calf serum (FCS; Life Technologies Gibco BRL) and selective supplement (Unipath Limited Oxoid) was used; for culturing on a solid medium, selective agar plates (Helicobacter agar; Becton Dickinson) were used. Bacteria were grown at 37ЊC under microaerobic conditions.
Assays to determine urease activity and the ratio between surfaceassociated and intracellular urease. To quantitate urease activity, the Berthelot reaction was performed, as described elsewhere [20] .
N6ureB::TnKm, N6ureG::TnKm, and duplicates of each sample, in which urease activity was inactivated by boiling, were used as negative controls and delivered values of absorbance that did not differ from those of the reagent's blank (data not shown). The amount of ammonia produced was calculated by referring to a standard curve made for known concentrations of ammonium chloride. Considering that 2 mol of ammonia corresponds to 1 mol of urea, the specific urease activity was expressed as the amount of urea in micromoles hydrolyzed per minute and milligrams of protein. The protein content was determined by the method of Bradford, as described elsewhere [21] .
To determine the ratio between surface-associated and intracellular urease, the enzymatic activities of crude water extracts (containing the surface-associated urease), prepared as described elsewhere [22] , and of the corresponding pellets were determined by the Berthelot reaction.
Bacterial staining. Bacteria were labeled with the green fluorescent lipophilic dye PKH2, as described elsewhere [10] , with minor modifications, using a commercially available staining kit (PKH2-GL; Sigma-Aldrich). H. pylori was harvested from the culture medium, washed twice with PBS, adjusted to an OD 550 of 0.6 (∼ cfu/mL) with labeling buffer, and incubated with an equal 8 3.3 ϫ 10 volume of a PKH2 dilution (1:100 in labeling buffer) for 10 min at room temperature. The reaction was stopped with PBS containing 1% bovine serum albumin (BSA). Stained bacteria then were washed twice with PBS-BSA, once with RPMI 1640 (Life Technologies Gibco BRL), and were finally resuspended in RPMI 1640 to a concentration of ∼10 9 cfu/mL. Fluorescence emission of bacteria was determined by flow cytometry before the incubation with cells.
Tissue culture cell lines. The semiadherent gastric epithelial cell line Kato III (ATCC HTB-103) and the colorectal adenocarcinoma cell line Caco-2 (ATCC HTB-37) were used. Cells were maintained as monolayers in RPMI 1640 containing 10% FCS and 0.5 mg/mL gentamicin at 37ЊC in a humid atmosphere enriched with 5% CO 2 . Before use, cells were washed twice with RPMI 1640 containing 10% FCS. Cell viability was demonstrated by trypan blue staining, and cells were adjusted to a concentration of cells/mL with 6 2 ϫ 10 RPMI 1640 containing 10% FCS and 1 mM urea.
Assays to quantify the bacteria load of Kato III cells. Eighty microliters of the PKH2-labeled H. pylori suspension in RPMI 1640 was added to 400 mL of the Kato III cell suspension, and parallel samples were incubated at 37ЊC and 4ЊC. At 5, 15, 30, and 45 min, 100-mL aliquots were collected on ice. The aliquots immediately were washed twice with ice-cold PBS to remove unbound bacteria (300 g at 4ЊC for 8 min), and the cells were resuspended in 500 mL of ice-cold Isoton II (Coulter Euro Diagnostics). Samples were stored on ice until flow cytometry was performed.
A second assay at 4ЊC was performed as follows. In a coldstorage room (4ЊC), 20 mL of the PKH2-labeled H. pylori suspension was added to 100 mL of the cell suspension in a tube. For each sample, 4 different tubes were used, according to the 4 different incubation periods. All tubes were centrifuged (300 g at 4ЊC), and after 5, 15, 30, and 45 min of centrifugation, the corresponding tube of each sample was removed and was processed immediately, as described above.
Experiments also were performed in the absence of urea and FCS, which contains 7 mM urea. In another test series, samples were run in parallel in the absence or presence of purified surface-associated H. pylori urease at final concentrations up to 50 mg/mL, to evaluate whether unbound urease in the medium influences bacteria load. Surface-associated urease was purified by a protocol described elsewhere [22] , the only difference being that broth cultures of wild-type N6 were used. Finally, a number of experiments were performed with mucus-producing Caco-2 cells instead of Kato III cells.
Assay to evaluate the effect of urease enzymatic activity on the bacteria load of Kato III cells by using urease inhibitors. PKH2-stained bacteria were incubated in parallel in RPMI 1640 (15 min, room temperature) with each of the following urease activity inhibitors: acetohydroxamic acid (1 mM; Sigma-Aldrich), completely inhibiting enzymatic activity, and flurofamide (1 mM; Tocris), inhibiting surface-associated urease activity [20, 23, 24] . Controls of untreated PKH2-stained bacteria were run in parallel. These were removed by centrifugation before the incubation of bacteria with Kato III cells at 37ЊC, and samples were processed, as described above.
Assay to quantify bacterial uptake by Kato III cells. The effects of cytochalasin D, inhibiting microfilament-dependent endocytosis [25] ; monodansylcadaverine, inhibiting receptor-mediated endocytosis [26] ; and colchicine, a microtubule-disrupting agent [27] , on H. pylori uptake, in terms of reduction of the bacteria load of Kato III cells, were investigated. In parallel samples, cells were pretreated with 7 mM cytochalasin D (15 min; Sigma-Aldrich), 250 mM monodansylcadaverine (45 min; Sigma-Aldrich), or 50 mM colchicine (45 min; Sigma-Aldrich). Concentrations of these substances and incubation periods were as described elsewhere [28, 29] and were additionally validated in our preliminary experiments. Since cytochalasin D and monodansylcadaverine were dissolved in dimethyl sulfoxide (DMSO) and colchicine was dissolved in ethanol, control cells were run in parallel in the presence of an equal final concentration of DMSO (0.8% vol/vol) or ethanol (0.4% vol/vol). Incubation with bacteria was done in the presence of each of these substances at 37ЊC, and samples were processed as described above.
Flow cytometry. All measurements were done on an EPICS XL-MCL flow cytometer (Coulter) equipped with an argon laser operating at an excitation wavelength of 488 nm. Green fluorescence emission due to PKH2-staining was monitored by use of the FL1 channel (550 nm dichroic long-pass filter and 525 nm bandpass filter). Stability of the optical and fluid system was controlled by DNA-check beads (Coulter).
The efficiency of PKH2 staining of bacteria and fluorescence emission of cells, corresponding to the extent of bacteria load, were determined by different protocols. Bacteria load was expressed as mean fluorescence per cell, and the protocol used allowed for a clear discrimination between cells and unbound bacteria (not shown).
Statistical analysis. Differences of means were tested for statistical significance by 2-way univariate analysis of variance, using SPSS software (SPSS 10.0; SPSS Science). Multiple pairwise comparisons of means were done by Bonferroni's test. Statistical analysis of the differences with respect to the bacteria load of Kato III cells observed with isogenic strains P1 and P1ureA::TnMax5 was done by paired t test. Statistical significance was set at , P p .01 and testing was 2 sided.
Results

Differences in urease activity depending on the culture medium.
In preliminary experiments, urease activity of H. pylori cultures was determined daily over a period of 5 days. The highest activity values were shown after 3 days of incubation when using solid culture media and after 2 days of incubation when using Brucella broth with FCS (data not shown). Therefore, in this study, 2-day-old broth cultures and 3-day-old cultures on solid media were used.
All H. pylori strains tested exhibited a considerably lower urease activity when being cultured on Helicobacter agar than when being cultured in Brucella broth with FCS (table 1) . Cultures on Brucella agar plates containing the same amount of FCS and selective supplement as the liquid medium showed urease activity similar to that seen in Brucella broth (data not shown). The culture medium had no significant effect on the ratio between intracellular and surface-associated urease (data not shown).
Bacterial staining. No notable differences in staining and fluorescence properties between isogenic strains were observed within individual experiments (data not shown). Thus, a test series ( ) using N6, N6ureB::TnKm, N6ureG::TnKm, n p 10 K2(3), and K8 (11) considerably lower than those obtained after incubation at 37ЊC. This difference was more pronounced when samples were not centrifuged during incubation (figure 1). However, even with centrifugation at 300 g, values were still ∼40% lower than those obtained at 37ЊC, irrespective of the strain used (data not shown). In preliminary investigations, this g force was shown to be the most appropriate one, delivering the highest possible values of bacterial adherence at 4ЊC without affecting cell viability (data not shown).
When isogenic strains N6, N6ureB::TnKm, and N6ureG:: TnKm were grown on Helicobacter agar plates, no significant differences among strains were found with respect to the bacteria load of Kato III cells at either 4ЊC or 37ЊC ( ; figure 1A) . n p 5 In contrast, cultures in Brucella broth with FCS yielded bacteria load values for the isogenic mutant N6ureB::TnKm, which lacks urease, that were significantly higher than those obtained with the parental strain, N6, at both 4ЊC and 37ЊC ( ; ; P ! .01 n p 5 figure 1B). With N6ureG::TnKm, which produces an enzymatically inactive apoprotein, values did not differ significantly from those obtained with N6. For the following investigations, bacteria were always cultured in Brucella broth with FCS.
Experiments performed in the absence of urea yielded results without any notable difference from those obtained in its presence. Thus, N6ureB::TnKm delivered bacteria load values considerably higher than those obtained with N6 or N6ureG:: TnKm ( ; )
40.0 ‫ע‬ 12.1 with the findings obtained when using Kato III cells. However, Figure 2 . Time course of bacteria load of Kato III cells incubated at 37ЊC with N6, N6ureB::TnKm, N6ureG::TnKm, and clones K2(3) and K8(11) of the genetically complemented mutant N6ureB::TnKm, producing amounts of urease higher than or similar to, respectively, those produced by N6 ( ). Statistical analysis was done using Bonferroni's n p 10 test. Bars, SE. * , N6ureB::TnKm vs. all other strains and K2 vs. P ! .001 all other strains, except K8 at 5 and 15 min ( ). P ! .01 when the same parameter settings were used during flow cytometry, values with Kato III cells were significantly higher than those with Caco-2 cells.
In a further test series ( ), Kato III cells were incubated n p 10 in parallel at 37ЊC with N6, N6ureB::TnKm, and N6ureG:: TnKm, but also with the isogenic clones K2(3) and K8(11), recovered by genetic complementation of mutant N6ureB:: TnKm with ureAB. Bacteria load values with N6ureB::TnKm were significantly higher ( ), whereas those with K2(3), P ! .001 exhibiting almost twice as much urease activity as the parental strain (531.2 vs. 275.9 mmol urea/min/mg protein) due to a larger production of the protein [19] , were significantly lower ( ) than those obtained with N6 (figure 2). Values with P ! .001 K8 (11) , which produces about the same amount of urease as N6 (259.5 mmol urea/min/mg protein), were similar to those obtained with the latter.
Significant differences in bacteria load also were observed ( ; ) when isogenic strains P1 and P1ureA:: P ! .001 n p 12 TnMax5, which lacks urease, were incubated in parallel with Kato III cells at 37ЊC. After 5 min of incubation, values obtained with P1 were already far below those obtained with P1ureA::TnMax5 ( vs. , respectively). 18.2 ‫ע‬ 4. 4 40.9 ‫ע‬ 9.4 Effect of urease enzymatic activity on the bacteria load of Kato III cells, as shown by the use of urease inhibitors. Pretreatment of parental strain N6 with acetohydroxamic acid or flurofamide resulted in complete loss or in an ∼60% reduction of urease activity, respectively. After removal of the inhibitors, this effect persisted for у45 min (longer periods were not evaluated), which corresponds to the incubation period after which the last aliquot was collected in the assay to quantify bacteria load of Kato III cells (data not shown). Mutants N6ureB::TnKm and N6ureG::TnKm were used as controls, since both lack urease activity. As expected for N6ureB::TnKm and N6ureG::TnKm, pretreatment of the bacteria with the urease inhibitors did not show any influence on the bacteria load of Kato III cells (data not shown). Interestingly, pretreatment of N6 with the urease inhibitors had only a minor influence on the bacteria load of Kato III cells ( figure 3) .
Effect of urease on the bacterial uptake by Kato III cells. Colchicine did not show any considerable effect on the bacteria load of Kato III cells, regardless of the H. pylori strain used. In the presence of monodansylcadaverine, a 16%-24% reduction of the bacteria load was observed. The extent of this reduction was strain independent but was mainly dependent on the cell-bacteria incubation period. In the presence of cytochalasin D, the reduction of the bacteria load with mutant N6ureB::TnKm was statistically significant, in contrast to that observed with N6 or N6ureG::TnKm ( ; ), indi-P ! .01 n p 11 cating a possible role of the urease apoprotein in the microfilament-dependent endocytosis of H. pylori (table 2) . However, this finding could not be confirmed with isogenic strains P1 and P1ureA::TnMax5 (data not shown).
Discussion
In a previous study [30] , a possible function of H. pylori urease as adhesin was investigated. Similar to the present study, the authors used Kato III cells and the isogenic strains N6 and N6ureB::TnKm for their investigations. Since no considerable difference between the parental strain and the urease-negative mutant was found with regard to adhesion to Kato III cells, the authors concluded that urease does not play any role as an adhesin. In that study, bacteria were grown on Columbia agar plates containing 7% defibrinated horse blood, a medium with a composition very similar to that of the Helicobacter agar used in the present study. As shown in figure 1A , the use of this medium resulted in only minor differences in the bacteria load between the parental and mutant strains, which is in accordance with that previous report. However, H. pylori strains grown on this medium exhibit a considerably lower urease activity than do bacteria grown in Brucella broth with FCS (table 1), suggesting major differences between the 2 media with regard to urease production. This finding may, at least in part, also explain the different effects of urease on the bacteria load of Kato III cells dependent on the medium used to culture H. pylori ( figure 1) .
Thus, when bacteria were grown in Brucella broth with FCS, the urease-lacking mutant N6ureB::TnKm delivered bacteria load values significantly higher ( ) than those obtained P ! .001 with N6 ( figures 1B, 2, and 3) . The inhibitory effect of urease on the bacteria load of Kato III cells also was confirmed by a further isogenic pair of strains, the parental strain P1 and the urease-lacking mutant P1ureA::TnMax5.
Moreover, the use of genetically complemented isogenic clones of mutant N6ureB::TnKm, producing different amounts of urease, revealed an inverse relationship between urease production and bacteria load of Kato III cells. Thus, values of the bacteria load with N6ureB::TnKm were significantly higher than those obtained with N6 or K8(11), which produces similar amounts of urease as N6, whereas values with K2(3), which produces larger amounts of urease than N6 or K8(11), were significantly lower than those obtained with the latter (figure 2). In fact, this has been the first time these clones were used in an in vitro study. As reported in detail in a recent publication [19] , N6ureB::TnKm was transformed with the vector pHel2, containing the cloned urease structural genes ureA and ureB and their specific promotor sequence. The orientation of the cloned insert was found to be crucial for urease expression. K2(3) and K8(11) are representatives of 2 groups of clones (K2 type and K8 type), defined by the distinct restriction enzyme digestion patterns of the recombinant plasmid as a consequence of the different orientation of the insert. Most of the K2-type clones were urease positive and produced larger amounts of the enzyme than did N6. This is not surprising, because pHel2 is a low-copy plasmid, and multiple loci are available for transcription of the structural urease genes. On the other hand, only a few of the K8-type clones were urease positive, and they produced amounts of urease similar to those produced by N6. The recombinant plasmid of these clones was 2 kb larger than that isolated from K2-type clones. This difference in molecular size corresponds to the molecular size of the mini-Tn3-Km cassette intersecting ureB in mutant N6ureB::TnKm. Translocation of the kanamycin-disrupted ureB from the chromosome to the plasmid as a result of homologous recombination then was confirmed by Southern dot blot analysis, using a DNA probe specific for the kanamycin resistance gene aphA3 (kanamycin phosphotransferase) [19] . Hence, these data suggest that, for K8-type clones, urease expression was driven by the restored chromosomal copy of the gene and therefore was similar to that of N6.
Values of bacteria load at 4ЊC represent adherence, since internalization of bacteria at such a low temperature can almost be excluded [28, 31] . As expected, values at 4ЊC were far below those obtained at 37ЊC ( figure 1 ). This could be due largely to loss of motility [28] . Thus, efforts were taken to compensate for the loss of motility, and bacteria were incubated with cells at 4ЊC under centrifugation. However, even under such conditions, values were considerably lower than those obtained at 37ЊC, indicating that additional reasons, such as inhibition of bacterial adhesins or cellular receptors, may be responsible for the low values at 4ЊC. Nevertheless, at this temperature, urease also was clearly shown to impede adherence to Kato III cells ( figure 1B; )
The internalization of H. pylori by gastric epithelial cells has been demonstrated in earlier reports [14, 28, 32] . Reduction of bacteria load in monodansylcadaverine-treated Kato III cells suggests the involvement of receptor-mediated endocytosis. This finding is in accordance with data presented by Evans et al. [28] , who used HEp-2 cells. However, in contrast to this previous study, cytochalasin D also showed an effect, indicating that microfilament-dependent endocytosis may play a role in H. pylori uptake. Although monodansylcadaverine caused a similar reduction of bacteria load of the various strains, the reduction observed with cytochalasin D for the urease-lacking mutant N6ureB::TnKm was higher than that for N6 or N6ureG::TnKm (table 1) . However, this finding could not be confirmed with the second isogenic pair of strains P1 and P1ureA::TnMax5. Hence, the role of the urease in the microfilament-dependent endocytosis of H. pylori is still unclear. Furthermore, the relatively high percentage of internalized bacteria, as shown in the present study, is not consistent with observations in vivo and may, in part, be an in vitro artifact.
The role of the enzymatic activity of the urease in adherence was investigated extensively. The lack of difference between bacteria load values obtained with N6 in the absence of urea and those obtained in its presence suggests only a minor role for the enzymatic activity. Moreover, the isogenic mutant N6ureG::TnKm, producing an enzymatically inactive apoprotein, delivered values showing no considerable difference from those obtained with N6 at both 4ЊC and 37ЊC (figures 1B, 2, and 3). This was to be expected at 4ЊC but not at 37ЊC. Finally, the effect of the enzymatic activity on adherence was further investigated by using urease inhibitors. The small molecule of acetohydroxamic acid is capable of permeating intact H. pylori cells and thus effectively inhibiting the enzymatic activity of both the surface-associated and the cytoplasmic urease [20, 23] . On the other hand, flurofamide, as a large molecule, cannot easily penetrate the cytoplasm and thus mainly inhibits surfaceassociated urease activity, depending on the period of action [23, 24] . Although acetohydroxamic acid abolished the urease activity of N6 completely, whereas flurofamide did so only partially, the bacteria loads with treated and untreated bacteria were similar, regardless of the inhibitor used ( figure 3) . Altogether, these findings clearly show that the inhibitory effect of urease on the adherence of H. pylori is largely independent of enzymatic activity.
Although the mechanism rendering urease surface associated is still under debate, the surface location of the protein was clearly shown both in vitro and in vivo [5, 33, 34] . Considering that the addition of purified urease did not affect adherence and that enzymatic activity was of only minor importance, it appears that only the surface-associated portion of the protein itself should be of relevance. Hence, it is thinkable that H. pylori urease masks bacterial outer membrane components that are involved in adherence and thus impedes the interaction of bacterial adhesins with host cell receptors. This effect, which has been attributed to the capsule antigen of several bacterial species [35, 36] , also could be one of the properties of H. pylori urease, which, although not a capsule, may act as such with respect to the inhibition of adherence. This also is consistent with previous findings demonstrating that urease impedes phagocytosis and opsonization of H. pylori [10, 11] , properties that are associated with the capsular antigen [37, 38] .
Although in vitro results suggested that H. pylori urease stimulates the immune response [39, 40] , it also seems to be protective for the bacterium [10, 11] . In addition, the results of the present study clearly show that urease prevents adherence of H. pylori to Kato III cells in a significant manner, with enzymatic activity playing only a minor role. This finding, shown to be reproducible in the presence of mucus by use of Caco-2 cells, raises new questions concerning the role of this protein in pathogenesis and suggests that urease may, to some extent, influence the exposure of H. pylori to the immune system and thus contribute to the persisting nature of the infection. Further studies-for example, studies using isogenic clones that produce different amounts of urease in animal models-will be needed to appropriately evaluate the significance of our findings under in vivo conditions.
